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Monday, February 27, 2012 327asensor movement may underlie the destabilization of the fast-inactivated state
in NaV1.5. To test this, we expressed NaV1.5 channels in Xenopus oocytes
and recorded gating currents using a cut-open voltage clamp with extracellular
solution titrated to either pH 7.4 (control) or pH 6.0. At pH 6.0, compared to
pH 7.4, the V1/2 of the Q(V) curve was significantly depolarized (from
57.854.3 mV to 40.855.1 mV). Additionally, the slow time constant
of charge recovery was significantly reduced from 16.155.0 ms at pH 7.4
to 9.754.2 ms at pH 6.0. These data suggest a molecular basis for the in-
creased persistent and window currents previously shown in NaV1.5 channels
at reduced extracellular pH. Specifically, protons may electrostatically affect
the rate of voltage sensor movement, either by directly binding to extracellular
residues (e.g. H880) or indirectly by binding to carboxylates in the pore do-
main (Kahn et al., J Physiol. 2002, 543). (Supported by an NSERC Discovery
Grant to PCR, a CFI Infrastructure grant to PCR and TC, and a CIHR Vanier
Scholarship to DKJ.)
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Voltage-gated ion channels are crucial for the generation of action potentials
in excitable tissues throughout the human body. In response to membrane de-
polarization, the movement of the voltage-sensors opens a pore gate on the
intracellular side of the protein. Following channel opening, a distinct con-
formational change in the pore causes a slow loss of channel conductance-
a process known as C-type or slow inactivation. However, at a fundamental
level, it remains unclear whether these gating transitions in the selectivity fil-
ter region are coupled to the movement of voltage-sensors. To investigate
this question, we monitored the status of the individual voltage-sensors of
a sodium channel upon perturbation of the outer pore conformation by
high-affinity toxins and disulfide crosslinking. We introduced a series of mu-
tations in the voltage-sensing domains which resulted in domain-specific gat-
ing pore currents and allowed us to monitor the behavior of individual
voltage-sensors. We found that in the presence of tetrodotoxin (TTX), the
gating pore currents through domain IV (DIV) but not DI, DII, or DIII
were reduced. Comparison of the gating charge shows that addition of
TTX results in a decrease of total OFF gating charge. Finally, disulphide
crossbridge between residues in the DEKA locus of the selectivity filter re-
gion also reduces the gating pore currents though DIV. We conclude that the
DIV voltage-sensor is specifically coupled to the conformation of the selec-
tivity filter region of the sodium channel. These findings provide direct evi-
dence for the existence of a distinct mode of electromechanical coupling
involving the voltage-sensor and gating transitions in the selectivity filter
region.
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Pyrethroids are well-known insecticides that modify sodium channel gating. It
has been long established that pyrethroids slow inactivation and deactivation,
which results in prolonged opening of sodium channels. The underlying molec-
ular basis of pyrethroid actions, however, is not well understood. One possible
mechanism by which pyrethroids prolong sodium channel opening would be if
they promote the outward movement of S4 voltage-sensors and stabilize them
in the outward position. In this study, we used the cysteine accessibility method
to determine if pyrethroids alter the voltage-dependent movement of the volt-
age sensor in domain II (IIS4) which has been shown to be critical for sodium
channel activation. The outermost arginine in IIS4 was substituted with a cyste-
ine and the accessibility of the cysteine to a hydrophilic cysteine-modifying re-
agent (MTSET) was measured as the rate of MTSET modification of
a cockroach sodium channel expressed in Xenopus oocytes. We found that
an active isomer (1R, trans) of permethrin, a type I pyerthroid insecticide, in-
creased the rate of MTSET modification, whereas an inactive isomer (1S,trans)
of permethrin did not. Our results suggest that permethrin prolongs the opening
of sodium channels by trapping IIS4 in the outward position. We are currently
examining structurally diverse pyrethroids to further establish this novel mech-
anism of action of pyrethroids.1661-Pos Board B431
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Voltage-gated sodium channels are responsible for initiating and propagating
action potentials in excitable cells. Transmembrane segment S4 of voltage-
gated ion channels resides in a gating pore where it senses the voltage and con-
trols channel gating. Substitution of individual S4 arginines with smaller amino
acids allows ionic currents to flow through the mutant gating pore. The voltage-
dependence of gating pore currents provides information about the transmem-
brane position of the substituted cysteine as S4 responds to the membrane po-
tential. Bacterial NaChBac sodium channels are homotetramers. Here we have
studied gating pore current in mutant NaChBac channels having one of the four
S4 arginines replaced by cysteine. Gating pore current was observed for each
mutant channel but with different voltage-dependent properties. Mutating the
first (R1C) or second (R2C) arginine to cysteine, resulted in gating pore current
at hyperpolarized potentials where the channels are in resting states but not at
potentials where the channels are activated. Conversely, mutants R3C and R4C
showed gating pore current at potentials where the channels are activated. Our
results showing gating pore current for mutants in each gating-charge position
with sequential voltage dependence from R1 to R4 demonstrate the stepwise
outward movement of the substituted cysteines through the narrow portion of
the gating pore that is sealed by the arginine side-chains in the WT channel.
This pattern of voltage dependence is consistent with a sliding movement of
the S4 helix through the gating pore.
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The x-ray structure of bacterial sodium channel NavAb (Payandeh et al., 2011)
provides a new template to model eukaryotic sodium channels, which are tar-
gets for many toxins and drugs. Key determinants of tetrodotoxin (TTX) recep-
tor in the outer pore are outer carboxylates in repeats I, II, and IV, three
positions downstream from the selectivity-filter residues (DEKA locus). In
a Nav1.4 pore-domain model built with S6 and P-loop sequences aligned with-
out indels, the outer carboxylates do not face the pore, whereas repeat III aspar-
tate four positions downstream from the DEKA locus, which according to
experiments does not interact with TTX, faces the pore. A point deletion
between the DEKA locus and outer carboxylates in each repeat of Nav1.4 im-
proves the sequence similarity of P2 helices and allows to built a NavAb-based
model with TTX-Nav1.4 contacts similar to those proposed before. Macro-
dipoles of the NavAb P2 helices appear to compensate an excessive negative
charge at the EEEE locus, consistent with its sodium selectivity. In the
Nav1.4 model, macro-dipoles of P2 helices may compensate an excessive neg-
ative charge at the outer carboxylates, while the DEKA locus may be occupied
by a sodium ion or a water molecule. The inner pore of the NavAb-based model
of Nav1.4 preserves major features of our KcsA-based models, including the
access pathway for ligands from membrane through the interface between he-
lices IIIS6, IVS6, and IIIP1. Docking of tetracaine in the Nav1.4 model resulted
in the same ligand-channel contacts as proposed by Bruhova et al. (2008). Thus,
major aspects of our models of ligand interaction with eukaryotic sodium (and
probably calcium) channels do not need major revisions in view of the NavAb
structure. Supported by RFBR to DBT and NSERC to BSZ.
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The aim of our computed study was to examine the possible binding site of pri-
maquine (PQ) using a combined homology protein modeling, automated dock-
ing and experimental approach. The target models of wild-type and mutant-
types of the voltage-dependent sodium channel in rat skeletal muscle (rNav
1.4) were based on previous work by Tikhonov and Zhorov. Docking was car-
ried out on the P-loop into the structure model of rNav 1.4 channel, in the open
state configuration, to identify those amino acidic residues important for prima-
quine binding. The three-dimensional models of the P-loop segment of wild
types and mutant types (W402. W756C, W1239C and W1531A at the outer
328a Monday, February 27, 2012tryptophan-rich lip, as well as D400C, E755C, K1237C and A1529C of the
DEKA motif) helped us to identify residues playing a key role in aminoquino-
line binding. In good agreement with experimental results, a 1000-fold inhibi-
tion loss was observed, tryptophan 756 is crucial for the reversible blocking
effects of PQ. As a result, W756C abolished the blocking effect of primaquine
in voltage-clamp assays.
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The voltage sensor domain (VSD) has been shown to behave as a functional
independent module in a variety of voltage-activated ion channels and en-
zymes. VSD conformational transitions couple to the pore domain (PD)
and bias the close-open conformational equilibrium in response to changes
in membrane potential. A structural model of the Bacillus halodurans Na
channel (NaChBac) voltage-sensor domain (VSD) in the activated or ‘‘up’’
state conformation has been derived from site-directed spin-labeling and
EPR solvent accessibility data (Chakrapani et al., PNAS 107:5435, 2010).
To examine a proposed VSD transition, the up conformation was further
used to build a variety of putative ‘‘down’’ state models on the basis of a sub-
stitution of key salt-bridge pairs associated with S4 arginines and electrostatic
couplings between E43 of S1 and R1 of S4 observed from electrophysiolog-
ical data of NaChBac mutants (Paldi and Gurevitz, Biophysical J 99:456,
2010). 50-ns molecular dynamics simulations of the up and theoretical
down conformations in lipid bilayer were performed to evaluate structure
models and conformational dynamics of the transmembrane voltage sensor
of NaChBac. The MD results illustrated structure stability of the transmem-
brane voltage sensing bundle with a possible conformation transition of an
intracellular half of the S4 helix. From geometric analyses of MD data, the
negative charge residues of S1 (E43), S2 (D60) and S3 (D93) share a role
in the stability of S4 at the down configuration through salt-brdige neutrali-
zation of all four arginines.
Acknowledgements: Ratchadaphiseksomphot Endowment, NRU(HR1155A)
and Thai Government Stimulus Package 2.Voltage-gated K Channels: Gating I
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The channels underlying native human IKr are thought to be formed by homo/
heterotetramers of the 2 HERG splice variants HERG1a and HERG1b.
HERG1b has a shorter and highly basic 36 amino acid N-terminal, but is other-
wise identical to HERG1a. This minor structural difference is sufficient to pro-
duce a significant change in gating kinetics: HERG1b has faster activation and
deactivation kinetics than HERG1a. HERG activation is a multi-step process
involving voltage-dependent and voltage independent transitions. It is un-
clear whether the difference in activation gating between HERG1a and 1b
reflects modification of the voltage sensitive or insensitive steps by the
N-terminal domain.We used an envelope of tails protocol to isolate activa-
tion from the fast overlapping inactivation for both HERG1a and 1b. Both
of these isoforms showed saturation of activation rate at very positive poten-
tials. This suggests that the voltage-independent step is rate limiting at these
potentials for both isoforms. At þ140 mV the rate of activation of HERG1a
was 13.09 5 0.66 ms (n=3), and HERG1b was 14.25 5 0.37 ms (n=3).
This suggests that the voltage-insensitive step is not affected by the presence
or absence of the N-terminal. In contrast, activation at lower potentials was
strongly dependent on voltage and was significantly different between iso-
forms. This indicates that the N-terminal modifies a voltage-sensitive step
in the activation pathway. Deactivation is also strongly affected by the pres-
ence or absence of the N-terminal. This suggests that the N-terminal affects
voltage-dependent transitions near the open state. In conclusion, our data in-
dicate that the HERG N-terminal interacts primarily through modification of
voltage-sensitive transitions.
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Recent work with lipid bilayers formed from mechanically joined monolayers
has shown their potential for wider technological application, including auto-mation and parallelization. Bilayer areas formed this way are highly sensitive
to variations in mechanical position and the bilayers themselves cannot with-
stand significant perfusion of adjacent solutions. We developed a bilayer cham-
ber device employing an aperture that masks the monolayer contact area,
enabling formation of highly consistent bilayer areas. This also significantly re-
duces their sensitivity to mechanical positioning, enhancing this technology’s
potential for parallelization and automation. Further, the device enables flow
of solution adjacent to the bilayer without rupture or significant change in bi-
layer area. The device design is arrayable and directly compatible with standard
fluid handling and automation hardware, potentially enabling its use for rapid,
parallel automated measurements of ion channels. In demonstrating the utility
of the device for possible drug screening applications, we have used it to recon-
stitute Kv11.1 (hERG) and measure the dosage dependence of its conductance
with Astemizole and E-4031, allowing determination of IC50 values similar
those reported in the literature.
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The cytoplasmic N-terminal domain of human-ether-a-go-go related gene
(hERG) Kþ channels contains an amphipathic a-helix and an unstructured
tail. Deletion of residues 2-9 (D2-9, the unstructured tail) or 2-25 (D2-25, a-he-
lix and unstructured tail) both accelerated deactivation and slowed the rate of
activation. However, while D2-9 shifted the V0.5 of activation in the depolar-
ized direction, D2-25 did not, suggesting differential effects of the two dele-
tions on the activation process.
In this study we have used voltage clamp fluorometry to investigate the mech-
anism of how these N-terminal deletions affect voltage sensor movement dur-
ing the activation process. The V0.5 of the fluorescence-voltage relationship for
D2-9 was shifted to more depolarized potentials (18.25 1.5 mV, n= 9) com-
pared to control (05 1.8 mV, n=12, ANOVA) indicating that D2-9 affects ac-
tivation gating by shifting the voltage range over which the voltage sensor
moves, while the V0.5 of activation for D2-25 (15 2.9 mV, n=7) was not sig-
nificantly different from control. In contrast, both D2-9 and D2-25 have slow
rates of current activation with no observable effect on the fluorescent report
of the rate of voltage sensor movement, suggesting that both D2-9 and D2-25
slowed rates of activation independent of the voltage sensor.
Our data therefore suggests a bimodal regulation of activation gating by the N-
terminal domain of hERG channels. We propose that the a-helical region mod-
ulates activation gating via an effect on movement of the voltage sensor while
the N-terminal tail (residues 1-9) interacts with the cytoplasmic activation gate
to regulate the rates of pore opening and closing.
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Crystal structures of several potassium channel proteins imply a key role for the
pore helices in stabilization of the selectivity filter and, as a consequence, in the
selectivity filter gating process referred to as C-type inactivation. However,
these crystal structures represent only a static end state and provide little infor-
mation regarding the conformational rearrangements that occur during transi-
tion between two end states. In this study, we used phi-value analysis to
examine more closely the role(s) of the pore helix during the single step tran-
sition from the open to the C-type inactivated state in Kv11.1 potassium
channels.
After introducing point mutations at a particular residue, perturbations (from
WT) to the energetics of the transition state, log(kf) relative to perturbations
to the energetics of the stable end states, log(Keq) are used to calculate a phi-
value. Phi-values close to 0 indicate a perturbation late in the reaction path-
way whereas values close to 1 indicate a perturbation at the start of the re-
action. Two distinct categories of phi-values were derived from
mutagenesis of residues within the pore helices of Kv11.1 channels. Low
phi-values were derived from mutations at residues Phe619 (0.14) and
Ser621 (0.26), while high phi-values were derived from residues Thr618
(0.85) and Leu622 (0.85).
Our study suggests a model for C-type inactivation gating of Kv11.1 channels
in which the pore helix plays a critical dual role, undergoing conformational
changes both early - coupling an initial loss of Kþ ions from the selectivity filter
to S5 motion (indicated by Thr618 and Leu622) - and late - coupling S6 motion
to selectivity filter collapse (indicated by Phe619 and Ser621) - in the transition
pathway.
